At the neuronal level of Down syndrome (DS) brains, there are evidences of altered shape, number, and density of synapses, as well as aberrant endocytosis associated with accumulation of enlarged endosomes, suggesting that proteins involved in synaptic vesicle recycling may play key roles in DS neurons. However, the exact mechanism underlying those anomalies is not well understood. We hypothesize that overexpression of three genes, dap160/itsn1, synj/synj1, and nla/dscr1, located on human chromosome 21 play important roles in DS neurons. Here, we systematically investigate the effects of multiple gene overexpression on synaptic morphology and endocytosis to identify possible dominant gene or genes. We found that overexpression of individual genes lead to abnormal synaptic morphology, but all three genes are necessary to cause impaired vesicle recycling and affect locomotor vigor. Furthermore, we report that dap160 overexpression alters the subcellular distribution of synaptojanin, and overexpression of nla regulates the phosphoinositol 5 phosphatase activity of synaptojanin. These findings imply that restoring the level of any one of these genes may reduce endocytic defects seen in DS.
D
own syndrome (DS), caused by full or partial trisomy of human chromosome 21, is a complex disorder that affects about 1 in 700 live births across all ethnic groups. DS patients have various clinical features, but the most common abnormalities include mental retardation, motor deficits, congenital heart disease, craniofacial dysmorphology, accelerated aging, and early occurrence of Alzheimer's disease (AD) neuropathologies (1, 2) . In DS brains, the number and density of synapses, as well as aberrant endocytosis associated with accumulation of enlarged endosomes have been reported (3) (4) (5) . The exact mechanism underlying those anomalies is not well understood, and the current challenge in the study of DS is identifying genes and pathways responsible for the specific manifestations of DS.
To understand the genotype to phenotype correlations in DS, it is particularly important to understand the effects of gene overexpression rather than the endogenous roles of these genes derived from loss-of-function studies. Furthermore, since not all genes on chromosome 21 have the same temporal and spatial expression patterns, phenotypic analyses for overexpression of genes involved in the same biological pathway may allow us to gain insights into the synergistic, suppressive, or additive effects of chromosome 21 gene overexpression. DS mouse models have been a valuable system for understanding some of the DS phenotypes (6) (7) (8) (9) (10) , but the use of a simple model system that allows systematic overexpression of multiple genes may further expedite the identification of genes that contribute to a given phenotype. We believed that Drosophila, with its powerful genetic tools, is an ideal model system for such studies.
Using Drosophila as a model system, we have previously shown that nebula (nla), the Drosophila ortholog of DS critical region 1 (DSCR1), also called regulator of calcineurin 1 (RCAN1) (11, 12) , binds to and inhibits the phosphatase activity of calcineurin, a protease involved in various biological pathways including learning and memory, and that altering the level of nebula leads to defective learning through calcineurin-mediated signaling (13) . Among the many targets of calcineurin is synaptojanin (synj), a phosphatidylinositol phosphatase implicated in endocytosis (14) . Calcineurin has been shown to dephosphorylate and stimulate the activity of synaptojanin (15) , and calcineurin inhibitors impair synaptic vesicle recycling and reduce the total vesicle pool size in synaptic terminals (16) (17) (18) . This suggests that nebula, with its ability to regulate calcineurin phosphatase activity, may also modulate synaptojanin activity.
Phosphoinositides such as phosphatidylinositol (4,5)-bisphosphate [PI(4,5)P 2 ] are important regulators of clathrin-dependent endocytosis and a number of signaling pathways (19) . Dephosphorylation of PI(4,5)P 2 by synaptojanin leads to the uncoating of endocytosed synaptic vesicles, which returns the vesicles to the functional vesicle pool (20) (21) (22) . Loss-of-function synj mice die early, have ataxia, seizures, and accumulation of clathrin-coated vesicles at the synaptic terminals, suggesting a defect in clathrin-mediated endocytosis (23) . Consistent with the mouse studies, Caenorhabditis elegans and Drosophila synj mutants also display defects in synaptic vesicle recycling and accumulation of clathrin-coated vesicles (24) (25) (26) (27) . Synaptojanin has also been shown to interact with dap160/ intersectin (5, 24, 26, 28, 29) .
Dap160, dynamin-associated protein 160 kDa, is a Drosophila ortholog of human intersectin1 (itsn1). Dap160 contains two Eps15 homology (EH) domains that are located at the amino terminus and four Src homology (SH3) domains that interact with endocytic proteins in the periactive zone (24, 28, 29) . The Drosophila dap160 lacks the Dbl homology (DH) and pleckstrin homology (PH) domains found in the mammalian intersectin long isoform, which modulate cdc42/WASP-mediated regulation of actin polymerization (24, 30) . However, it was recently shown that dap160 can interact with the nervous wreck protein, which work together with cdc42 to regulate actin polymerization (31, 32) , suggesting that dap160 can function similarly to human intersectin1. Drosophila dap160 mutants have defects in synaptic structure including abnormal synaptic bouton outgrowth and abundant small satellite boutons. Dap160 mutant flies also show perturbed synaptic vesicle recycling at the larval neuromuscular junctions (NMJ), implying that dap160 is involved in synaptic vesicle endocytosis (28, 29) . Similar conclusions were recently derived from studies using intersectin knockout mice, which exhibit defective endocytosis and enlarged endosomes (33) . Furthermore, overexpression of intersectin in COS cells block receptor-mediated endocytosis (34) , but the effect of its overexpression in synaptic vesicle endocytosis in neuronal cells at a more physiological range remains undetermined.
We hypothesized that when multiple genes involved in the similar biological pathways are overexpressed simultaneously, a gene may induce dominant phenotypes, or that multiple genes may interact functionally and lead to enhancement, suppression, or generation of a phenotype. Importantly, itsn1, synj1, and DSCR1 are all located on chromosome 21 and are overexpressed in DS neurons (13, (35) (36) (37) . This has led us to examine the functional interactions between DSCR1/nebula, synaptojanin1/synaptojanin, and intersectin/ dap160 when overexpressed using Drosophila glutamatergic larval NMJ as a model system. Since dap160 and synaptojanin are required for normal synaptic morphology, synaptic transmission, and endocytosis, we systematically investigated the consequences of multiple gene overexpression on synaptic development and activity.
In this paper we demonstrate that transgenic flies overexpressing nla, synj, and dap160, either individually or together in different combinations modulate synaptic development and activity through functional interaction, which results in defects in synaptic terminal structure and synaptic activity.
Results and Discussion
Generation of Transgenic Flies Overexpressing Multiple Genes. Synapses in the developing Drosophila larval neuromuscular junction (NMJ) are tightly regulated, and mutations that affect synaptic function and endocytosis have been shown to alter synaptic structure and activity at the axon terminals (38) . To investigate the effects of gene overexpression at NMJ, we generated transgenic flies overexpressing three transgenes, dap160, synj, and nla, in neurons under the control of pan-neuronal driver, Elav-Gal4 (Elav). The levels of dap160, synaptojanin, and nebula are consistently increased between 1.5 and 1.8 in all of the transgenic flies containing these transgenes (Figs. S1 and S2). It is important to note that the levels of intersectin1, synaptojanin1, and DSCR1 proteins have been shown to be elevated at a comparable amount in either human DS patient tissues or Ts65Dn mouse, a commonly used mouse DS model (ranging from Ϸ1.4-to 1.8-fold increases have been reported) (6, (39) (40) (41) . Thus, our transgenic flies provide us a model system to investigate whether a dominant key gene or a subset of genes interact to affect phenotypes seen in DS.
Synaptic Activity of Transgenic Flies at the Neuromuscular Junction.
First, to investigate whether overexpression of transgenes can change normal synaptic function at the larval NMJ, we examined synaptic transmission by measuring the evoked excitatory postsynaptic potentials (EPSPs) at muscle 6/7 of the transgenic larvae following stimulation at 1 Hz. The recorded EPSP amplitudes of all transgenic lines examined were not significantly different from the control ( Fig. 1 A and B) , suggesting that simultaneous overexpression of dap160, synj, nla, or overexpression of each genes in different combinations did not affect synaptic transmission during low frequency stimulation. Next, to test whether overexpression of these genes can affect synaptic vesicle cycling, we stimulated the presynaptic nerve at 10 Hz for 5 min and monitored the EPSP amplitude during stimulation. As shown in Fig. 1 C- (Fig. 1D) as well as single transgenes (Fig. 1E) . Interestingly, overexpression of double or single transgenes showed similar decline in the relative EPSP as compared to the control, suggesting that overexpression of all three transgenes are needed to produce the phenotype and that reducing the level of any of these genes to normal will restore the phenotype. Note that there is no significant difference between the triple transgenic flies and control in miniature excitatory postsynaptic potential (mEPSP) frequency (2.45 Ϯ 0.26 for control; 3.41 Ϯ 0.55 for triple overexpression, P ϭ 0.17) and mEPSP amplitude (0.72 Ϯ 0.04 for control; 0.75 Ϯ 0.05 for triple overexpression), implying that the faster decline in EPSP amplitude during high frequency stimulation is not due to an initial difference in presynaptic vesicle and postsynaptic receptor abundance.
To confirm flies overexpressing all three transgenes have altered vesicle recycling, we also used a fluorescent styryl dye, FM1-43, which gets incorporated into synaptic vesicles during endocytosis. Synaptic vesicles at NMJ of transgenic larvae overexpressing dap160, synj, and nla together were loaded with the dye during stimulation with 60 mM KCl for 5 min, and the amount of internalized synaptic vesicles were determined by measuring the fluorescence intensity following repeated washes with calcium-free saline. Fig. 1 F and G reveal that the amount of FM1-43 uptake is significantly reduced in transgenic flies overexpressing all three genes (58.4 Ϯ 5.7% of control, P Ͻ 0.02), consistent with the significant decline of EPSP amplitude seen in Fig. 1C . As this decrease in FM1-43 labeling could be due to defects in endocytosis or exocytosis, we further tested if altered exocytosis contributes to this abnormal FM1-43 uptake by unloading the labeled boutons with 60 mM KCl (Fig. 1 F and G) . To determine the amount of exocytosis, we first calculated the difference in fluorescence intensity observed before and after unloading, and then normalized it to the signal observed before unloading. In control boutons, the unloading protocol triggered 37.1 Ϯ 7.4% of signal to be released from the terminals; in flies overexpressing dap160, synj, and nla simultaneously, 32.1 Ϯ 6.5% of fluorescence was lost following unloading (P ϭ 0.63 between control and triple transgenic flies). This suggests that flies overexpressing all three transgenes do not have altered exocytosis, but rather a defect in endocytosis.
To further investigate if impaired endocytosis is associated with aberrant rate of vesicle uptake, a FM1-43 pulse-chase labeling protocol was performed by adding the dye at different time points after stimulation. Control flies with normal endocytosis showed high FM1-43 uptake initially but low labeling if the dye was included late, since endocytosis had presumably completed by that time. Intriguingly, flies overexpressing dap160, synj, and nla exhibited gradual increase in the level of FM1-43 dye uptake during the same time period, although the initial FM1-43 labeling was low (Fig. 1H) . In fact, when the dye was added 2 min after stimulation, the level of FM1-43 uptake was equivalent to that of the control flies at time point zero. This result suggests that flies overexpressing all three transgenes are capable of endocytosis to the same extent as the normal flies, albeit at a much slower rate. Together, the FM1-43 dye labeling experiments imply that overexpression of dap160, synj, and nla do not significantly alter exocytosis or the vesicle pool size, but rather cause a delay in the rate of vesicle uptake to generate an overall defect in endocytosis.
Transgenic Flies Overexpressing Triple Genes Show Locomotor Defects.
Motor dysfunctions are frequently seen in DS patients and DS mouse models, but the cause of the deficits is still not known (42, 43) . To test whether alteration in synaptic activity found in the transgenic flies lead to motor deficits, we measured larval locomotor activity. Individual larva were placed on agarose medium and allowed to move freely, and the number of 0.5 cm 2 squares entered by larva within the 30-s time window was counted (44) . As seen in Fig. S3 , larvae overexpressing all three transgenes show significantly impaired locomotor activity compared to control. We also noticed that the triple transgenic adult flies appeared weaker and fell more frequently when mechanical stress was applied (Movies S1 and S2). Some flies were seen beating their wings constantly while trying and failing to climb up sides of the vial. This behavioral phenotype is apparent after the flies are challenged with mechanical stress, and their movement becomes normal after some time, consistent with the mild but significant defect in vesicle recycling and delayed rate of endocytosis. Although we cannot rule out the possibility that overexpression of dap160, synj, and nla in other neuronal populations contribute to the behavioral phenotypes, our observations are consistent with findings that overexpression of dap160, synj, and nla led to defective synaptic vesicle recycling at the NMJ, and hence affecting locomotor activity of the transgenic flies.
Effects of Transgene Overexpression on Synaptic Morphology.
Having demonstrated that overexpression of dap160, synj, nla can result in altered synaptic activity, we next investigated the effects of transgene overexpression on synaptic morphology by staining the NMJ with synaptotagmin and horseradish peroxidase (HRP) antibodies to visualize the individual presynaptic boutons. We first determined the phenotypes due to triple transgene overexpression. To examine functional interaction and delineate the role of dap160, synaptojanin, and nebula in a given phenotype, we further investigated double overexpression in different combinations as well as individual gene overexpression. In control larvae, individual synaptic boutons are regularly spaced, but triple gene overexpression resulted in the formation of smaller maldeveloped boutons, or satellite boutons, surrounding the large synaptic boutons ( Fig. 2A) . Reports have suggested that these smaller satellite boutons are largely functional, but are often detected in mutants with endocytic defects (28, 29, 31, 45, 46) . We quantified the number of satellite boutons per NMJ for each genotype and found that triple gene overexpression caused about a 2.5-fold increase in the appearance of small satellite boutons. Furthermore, the number of satellite boutons in transgenic flies overexpressing triple transgene is similar to that of double transgene overexpression (nla ϩ synj). Interestingly, double transgene overexpression of nla ϩ dap160 and dap160 ϩ synj did not cause synaptic malformation.
To determine which gene is responsible for the phenotype, we examined the phenotypes of individual gene overexpression. We found that synj overexpression alone caused about a 4-fold increase in the appearance of small satellite boutons ( Fig. 2 A and B and Fig. S4 ). Taken together, these results imply that overexpression of synj alters the synaptic architecture, but dap160 and nebula can regulate the role of synaptojanin on satellite bouton development. However, presence of satellite boutons alone cannot account for the defective endocytosis observed in the triple transgenic flies, since synj overexpression flies showed normal synaptic transmission during high frequency stimulation. We also noticed that overexpression of all three genes together increased the number (Fig. 2C) , but decreased the size of the synaptic boutons ( Fig. 2D and Fig. S5 ). It is plausible that during development, the number of synaptic boutons was upregulated to compensate for the smaller bouton size. We did find that flies overexpressing all three transgenes displayed a greater increase in the number of synaptic boutons, suggesting that overexpression of all three transgenes lead to greater synaptic growth.
Expression of Transgenes Is Altered at the Synaptic Terminals of
Transgenic Flies. To better understand how overexpression of dap 160 ϩ synj or nla ϩ synj modified the satellite bouton phenotype generated by synj overexpression at the NMJ (Fig. 2) , we first measured the dap160 protein level at the synaptic terminal. As seen in Fig. S6 , the level of dap160 at the synaptic terminal is consistently higher (about 1.4-fold increase) in transgenic lines overexpressing dap160 in combination with other genes. Synj or nla overexpression did not affect the level of dap160 protein at the synaptic terminal.
The presence of dap160 in the terminal is consistent with previous reports that dap160 is a presynaptic protein enriched at the synaptic terminals (28, 29, 47) , and suggests that dap160 is transported down to the synapse when overexpressed. Next, we determined the level of synaptojanin in the NMJ. Surprisingly, triple overexpression of dap160, synj, and nla or double overexpression of dap160 ϩ synj resulted in normal synaptojanin level at the NMJ, while overexpression of synj alone or double overexpression of synj ϩ nla showed elevated level of synaptojanin in synaptic boutons (Fig. 3) . We found that nla overexpression did not change the level of synaptojanin in the synapse, but overexpression of dap160 alone reduced the level of synaptojanin at the synaptic terminal ( Fig. 3 B and C) . This result explains why co-overexpression of dap160 and synj can rescue the satellite bouton phenotype seen in synj overexpression flies (Fig. 2B) . To further test whether the decrease in synaptojanin level is specific to the synapse or due to an overall reduction of synaptojanin, we performed Western blot analysis using protein extracts from third instar larval brain. We found that while the level of synaptojanin in the terminals of dap160 overexpressing flies was reduced ( Fig. 3 B and C) , it was elevated in the brains (Fig. 3 D and  E) . These observations suggest that the decrease in synaptojanin level is specific to subregion of the neuron and that dap160 does not likely influence the protein expression of synaptojanin, but rather regulates the transport of synaptojanin down to the synapse. Dap160 loss-of-function mutants also have reduced level of synaptojanin at the terminal (28, 29) , thus implying that maintenance of normal level of dap160 is important for stabilizing endocytic proteins at the synapse. Previous studies showed that reducing the level of synaptojanin in synj mutants impaired endocytosis (26, 27 ); yet we observed normal vesicle recycling in flies with decreased synaptojanin in the synapse due to dap160 overexpression. This further suggests that upregulation of dap160 protein in the synaptic terminal is able to compensate for reduced synaptojanin function. As dap160 is a scaffolding protein, it may counterbalance the effect of synaptojanin reduction at the synapse by increasing the level of another endocytic protein. We have examined this possibility by investigating the level of endophilin, another endocytic protein that can rescue synj mutant when overexpressed and is affected by dap160 mutation (26, 28) . However, we observed no significant change in the level of endophilin in the synapse of dap160 overexpression flies (90.6 Ϯ 5.6% of control, P ϭ 0.5). Hence, dap160 is likely to rescue the effect of synaptojanin reduction by its interaction with another endocytic protein or through another mechanism.
We next examined the level of nebula at the synaptic terminals of transgenic flies. Overexpression of nla in the central nervous system resulted in elevated nebula at the presynaptic terminal, and this was not affected by overexpression of synj or dap160 (Fig. 4A) . Note that the level of endogenous nebula at the synaptic terminal was below the level of detection, but we were able to see endogenous nebula in the presynaptic nerve of control flies (Fig. 4B) .
Furthermore, we found that overexpression of nla altered the subcellular location of endogenous nebula (Fig. 4C) , resulting in the movement of endogenous nebula from the nucleus out into neurites and cytosol when overexpressed. This suggests that some signaling or feedback mechanism regulates nebula location, and further highlights the importance of studying the effects of protein overexpression rather than endogenous protein function in normal cells to understand the underlying mechanisms of phenotypes in DS.
Regulation of Synaptojanin Phosphoinositol 5-Phophatase Activity by
Nebula. Interestingly, overexpression of nla also reduced the number of satellite boutons at the synaptic terminals of synj overexpressing larvae (Fig. 2) . We have previously shown that nebula can bind to and inhibit calcineurin activity and that flies overexpressing nla have perturbed calcineurin mediated signaling (13) . Furthermore, dephosphorylation of synaptojanin by calcineurin stimulates the phosphoinositol 5Ј-phosphatase activity of synaptojanin (15) . This has led us to hypothesize that overexpression of nla decreases calcineurin activity, leading to reduced 5Ј-phosphatase activity of synaptojanin, and hence partial rescue of synj overexpression phenotype seen in Fig. 2 . To test this hypothesis, we directly measured the phosphoinositol 5Ј-phosphatase activity in flies overexpressing nla or together with synj. Brain extracts of transgenic flies were incubated with BODIPY-labeled PI(4,5)P 2 , and the phosphoinositol 5Ј-phosphatase activity was measured by determining the ratio of labeled PI(4)P generated to the total amount of labeled phospholipids using TLC. As seen in Fig. 4 D and E, synj overexpression caused an increase in 5Ј-phosphatase activity (125.2 Ϯ 3.5%, P Ͻ 0.002) compared to the control. Interestingly, overexpression of nla alone caused a small but significant decline in 5Ј-phosphatase activity (83.7 Ϯ 4.3%, P Ͻ 0.02). Furthermore, overexpression of nla together with synj reduced the amount of PIP generation as compared to synj overexpression alone and partially restored it to normal (110.5 Ϯ 3.5%, P Ͻ 0.03 compared to control). This is consistent with our hypothesis that nla overexpression can regulate phosphoinositol 5Ј-phosphatase activity of synaptojanin and hence suppress the satellite bouton phenotype of synj overexpression. Note that co-overexpression of nla and synj together did not completely return PIP production to normal and that phosphoinositol 5Ј-phosphatase activity is still elevated compared to the control. This may explain why we only saw partial rescue of the satellite bouton phenotype, and this finding is consistent with a recent report that the phosphoinositol 5Ј-phosphatase activity is elevated in the brain of DS mouse model (40) . What is the unique intracellular environment that leads to impaired vesicle recycling in the triple transgenic flies? We found that it is due to increased level of dap160 and nebula, but normal synaptojanin expression at the synaptic terminal (see Fig. S7 for  summary) . This is very different from dap160 and nla double overexpression, as synaptojanin level at the terminal is much more severely reduced in the double transgenic flies. This finding is unexpected, but it is still consistent with work done using DS mouse models and human trisomy 21 brain tissues. We did find an overall increase in the amount of synaptojanin protein in the brains of triple transgenic flies (as indicated by Western blot in Fig. S2 ) and at a level similar to those seen in DS mouse models and DS patient brain tissues (39, 40) . However, we discovered that dap160 overexpression creates differential synaptojanin distribution in subcellular regions of motor neurons where synaptojanin is increased in the cell body but normal at the synaptic terminal when synj is also coexpressed. Thus, it will be interesting to determine whether DS mouse models and patient brain tissues also show this differential distribution of synaptojanin within neurons in the future. In addition, overexpression of nla also resulted in altered distribution of the nebula protein itself. Albeit nebula is not normally observed in the synaptic terminals, overexpression of nla caused translocation of nebula into the axon terminals, and even altered endogenous nebula distribution, thereby resulting in a gain-of-function phenotype in which nebula is involved in biological pathways where endogenous nebula normally does not. One of the key findings in this work is that overexpression of dap160, synj, and nla are all required to cause defective endocytosis, and there is no dominant gene in causing a functional defect. It will thus be interesting to see if restoration in the level of any of these genes in a DS mouse model will restore endocytosis to normal in the future.
Materials and Methods
Immunocytochemistry. Wandering third instar larvae were dissected in cold calcium-free saline and fixed with 4% paraformaldehyde in PBS for 20 min at room temperature (RT). Larvae were incubated with primary antibodies at 4°C overnight and with Alexa-conjugated secondary antibodies (Invitrogen) at RT for 2 h. Stained larvae were mounted in ProLong Gold Antifade reagent (Invitrogen). Antibodies were used at the following dilutions: Synaptotagmin and endophilin at 1:1,000 (gifts from H. Bellen), disc large (4F8) at 1:500 (Developmental Studies Hybridoma bank), dap160 at 1:2,000 (gift from G. Davis), synaptojanin at 1:200 (gift from H. Bellen), nebula at 1:2,000 (48), and Cy3-conjugated HRP antibody at 1:200 (Jackson ImmunoResearch).
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Fly Stocks. The following fly lines were used: UAS-nla t2 (1), UAS-dap160 (2), synj cosmid1-5 (3, 4), and Elav-GAL4 (5). All fly lines and crosses were maintained at 25°C. For all experiments in this work, control refers to: Elav-GAL4/ϩ.
Image Quantification. Images of synaptic terminals from NMJ 6/7 in segment A2 were captured in a z-series using Leica SP5 scanning confocal or Perkin-Elmer Ultraview RS spinning disk confocal mounted on Axiovert 200 (Zeiss). Bouton number was determined by counting the number of distinct spherical synaptotagmin positive terminals and normalizing it to the surface area of muscle 6/7. Satellite boutons were scored if protrusions of two or more small boutons were seen sprouting from a mature bouton as detected by synaptotagmin staining. NMJs were usually double-stained with disc large or HRP antibodies to confirm the presence of satellite boutons.
For quantification of antibody staining intensities at the NMJ, all dissected larvae were stained together using the same condition. Images were captured in a z-series using Axioplan 2 microscope (Zeiss) and a cooled CCD camera using the same exposure time under nonsaturating conditions. Fold changes in the intensity of antibody labeling for the 2D images were compared to control larvae stained together in the same experiment. AxioVision 4.2 software (Zeiss) was used to determine staining intensity. Labeling intensities of NMJ 6/7 in segment A2-3 of the same larva were averaged together to yield one data point, and the experiment was repeated multiple times to yield at least n Ͼ 3 independent larvae per genotype.
Phosphatidylinositol 5-Phosphatase Assay. Fly heads for each genotype were collected on dry ice and homogenized in lysis buffer containing 10 mM HEPES, pH 7.3, 100 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 1 mM Na 3 VO 4 , 50 mM NaF, 250 nM cyclosporin A, and protease inhibitor mixture (Roche Applied Science). Protein extract (0.5 g) from each fly line was incubated with 0.5 g BODIPY-FL PI(4,5)P 2 (Echelon) in 20 L buffer containing 30 mM HEPES, pH 7.3, 100 mM KCl, 1 mM EGTA, 2 mM MgCl 2 . The reaction mixtures were incubated for 15-20 min at RT, and 3 L were spotted onto TLC plates. BODIPY-FL PI(4,5)P 2 and BODIPY-FL PI(4)P were also spotted in separate lanes as standards. Lipid products were separated by TLC in 1-propanol/NH 4 OH/H 2 0 (65:20:15, vol/vol/vol) (6) and visualized by UV illuminator. PI(4)P production was determined by measuring the ratio of converted BODIPY-FL PI(4)P to the total amount of input [BODIPY-FL PI(4,5)P 2 and BODIPY-FL PI(4)P] using densitometry analysis [National Institutes of Health (NIH) ImageJ] and were compared to control flies.
Electrophysiology. Wandering third instar larvae were dissected in ice-cold calcium-free saline similar to method described previously (7) . Electrophysiology was performed at RT on muscle 6 of segments A2 or A3 using HL-3 saline containing 1 mM CaCl 2 (8) . Intracellular recordings were obtained using 15-20 MOhm electrodes filled with 3 M KCl. For evoked EPSP recordings, segmental nerves were stimulated with glass suction electrode at 2-fold above suprathreshold. Only recordings with resting membrane potential more negative than -60 mV were used in data analysis. For experiments examining evoked response during sustained stimulation, HL-3 saline containing 2 mM CaCl 2 was used. Data were selected for analysis if the resting membrane potential was less than -60 mV before stimulation and did not change by more than 10 mV during the entire stimulus train. Traces were filtered at 1 kHz, and pClamp8.1 software (Axon Instruments) was used to analyze EPSP amplitude. mEPSP amplitude and frequency were analyzed using Mini Analysis software 6.0.3 (Synaptosoft).
FM1-43 Dye Uptake. FM1-43 labeling was performed similar to that described by Verstreken et al. (4) Briefly, dissected larvae were incubated with 4 M FM1-43 dye (Invitrogen) in 60 mM KCl with 2 mM CaCl 2 for 5 min at RT. The larval prep was then washed extensively with calcium-free saline, and z-stack images of the NMJ were obtained using a 40ϫ water immersion objective and Axioplan 2 microscope (Zeiss). FM1-43 labeling was subsequently unloaded by stimulation with 60 mM KCl for 2 min at RT. The prep was again washed with calcium-free saline, and the amount of dye labeling was measured in the same synapse. For FM1-43 pulse labeling experiments, the dye was added at different time points for 3 min, following 5 min of stimulation with 60 mM KCl. Then, the sample was washed with calcium-free saline before imaging. For time ϭ 0 s, FM1-43 was included during the last 3 min of stimulation. AxioVision 4.2 software (Zeiss) was used to determine the labeling intensity in the synaptic boutons. To calculate FM1-43 staining intensity, measured values were subtracted from background values. Data were compared to the average labeling intensity of the controls.
Western Blot Analyses. Total protein extract from each genotype was prepared from adult heads using RIPA lysis buffer. Protein (10-20 g) was run on SDS polyacrylamide gel and transferred to nitrocellulose membrane. The following primary antibodies were used: Dap160 at 1:6,000, synaptojanin at 1:2,000, nebula at 1:7,000, ␤-tubulin at 1:50 (Developmental Studies Hybridoma Bank). For Western Blot analyses of larval brains, third instar larval brains with intact ventral ganglion were dissected in calcium-free saline. All nerves existing from the ventral ganglion were carefully trimmed away, and the brains were homogenized in RIPA buffer. Protein (6-10 g) was used for Western blot analyses. Membranes were stripped using Reblot Plus strong antibody stripping solution (Millipore) and reprobed. NIH ImageJ software was used to measure signal intensity, and the fold change in specific protein level was calculated by comparing to the control flies. To ensure our detected signals are within the linear range, we also plotted and compared the signal intensities of different concentrations of proteins loaded onto the same gel.
Locomotor Activity. Larval locomotor activity assay was performed as described previously (9), except with few minor modifications. Individual larva was briefly washed in PBS to remove remaining food and transferred to the center of a 1% agarose Petri dish lined with a grid of 0.5 cm 2 squares. Larva was allowed 45 s to recover from handling, and the number of squares entered by the larva within the 30-s time window was recorded. Locomotor activity of 7-day-old adult flies was recorded using a hand-held video recorder. Flies were transferred to fresh food vial, and their movement was recorded before and after mechanical stress applied by pounding the vials several times.
Statistical Analysis. Student's t-test was used to determine statistical significance. Movie S1 (AVI)
Movie S1. Adult flies overexpressing triple transgenes (dap160, synj, nla) are weaker and fall more frequently immediately following mechanical stress. After pounding the vials several times, flies overexpressing all three transgenes appear ''clumsy'' and fall off more frequently. Some flies beat their wings while trying to climb up, presumably because they are weaker and trying to compensate by beating their wings.
